In this paper, the optical properties of GaN-based green light emitting diode (LED) are investigated and the internal quantum efficiency (IQE) values are measured by temperature dependent photoluminescence (TDPL) and power dependent photoluminescence (PDPL) methods. The "S-shaped" shift of peak wavelength measured at different temperature disappears gradually and the spectra broadening can be observed with increasing excitation power. The IQE calculation results of TDPL, which use the integrated intensity measured at low temperature as unity, can be modified by PDPL in order to acquire more accurate IQE values.
Introduction
GaN-based light emitting diodes (LEDs) have been widely studied for their great advantages in solid state lighting and display, among which blue LEDs, whose internal quantum efficiency (IQE) values can exceed 90%, have achieved great success attributed to the improvement of epitaxy growth technology and device structures [1] [2] [3] [4] [5] [6] [7] [8] . However, the IQE values of green LEDs are still relatively low since the difficulty of growing high-quality single crystal caused by huge lattice mismatch. Therefore, how to evaluate IQE readily and accurately is of vital importance in relevant scientific progress.
Temperature dependent photoluminescence (TDPL), power dependent photoluminescence (PDPL), and time resolved photoluminescence (TRPL) are three commonly used optical methods to determine IQE values. When performing TDPL experiment, integrated intensities at different temperature are recorded and the one measured at low temperature (LT) is used as unity to obtain IQE values, which is premised on the hypothesis that nonradiative recombination is fully frozen at LT [9] [10] [11] . In PDPL experiment, integrated intensities at different excitation power are recorded and the variation curves between excitation power and integrated intensities is fitted in terms of ABC model to acquire the relationships between coefficients of different recombination channels [12] , which will be explained in detail later. Ultrafast lasers are used in TRPL to obtain photoluminescence (PL) decay curves after excitation, whose mechanism is intricate and controversial [13] [14] [15] [16] [17] .
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The measurement of IQE is challenging, since it cannot be measured directly, and different indirect means have their own problems and scope of application, for example, assuming IQE value is equal to 100% at LT is unreasonable in TDPL method. To make the conclusion more convictive, two or more methods are resorted to at the same time. Given that TDPL and PDPL are much simple and can be performed at the same time, we combine these two methods and put forward an easy-to-implement approach to acquire more accurate IQE values, which uses IQE value calculated with PDPL experiment at LT to rectify the results of TDPL experiment.
Materials and Methods
The sample investigated in this work is a commercial green InGaN/GaN MQW epitaxial wafer grown by metal organic chemical vapor deposition (MOCVD) on a c-plane sapphire substrate manufactured by Xiamen Changelight Co., Ltd. A schematic illustration of the experiment setup is shown in Figure 1a . The sample was mounted on the cold head of optical helium closed-cycle cryostat where the temperature can be tuned from 10 K to 300 K. A steady-state 405-nm laser diode whose output power can range from 0 mW to 250 mW was chosen as the excitation source and the laser was focused by a lens with a focal length of 30 cm. A sharp knife was mounted on a motorized linear translation stage placed at the focal point of the lens. The position of the knife was changed continuously to cut the laser with its edge and the change of the power was monitored with a power meter, which is shown in the inset of Figure 1b . Considering the transverse distribution of the laser is gaussian, the derivative of the results obtained by the power meter could be calculated and fitted that with gaussian function to acquire the spot radii. The spot radii on the sample were about 0.05585 mm, 0.05602 mm, and 0.05554 mm at excitation power of 250 mW, 150 mW, and 50 mW, respectively determined by this knife-edge method [18] which did not change much when changing the output power. The photoluminescence (PL) signals were collected and reflected to the entrance of a HORIBA Jobin Yvon Triax 550 monochromator with lens #2, mirror and lens #3 shown in Figure 1a .
The incident PL signals were dispersed with a grating for spectral resolution and the intensities of different wavelengths were detected by a GaAs photomultiplier tube (PMT) which was connected to a computer to collect data. The measurement of IQE is challenging, since it cannot be measured directly, and different indirect means have their own problems and scope of application, for example, assuming IQE value is equal to 100% at LT is unreasonable in TDPL method. To make the conclusion more convictive, two or more methods are resorted to at the same time. Given that TDPL and PDPL are much simple and can be performed at the same time, we combine these two methods and put forward an easy-toimplement approach to acquire more accurate IQE values, which uses IQE value calculated with PDPL experiment at LT to rectify the results of TDPL experiment.
The sample investigated in this work is a commercial green InGaN/GaN MQW epitaxial wafer grown by metal organic chemical vapor deposition (MOCVD) on a c-plane sapphire substrate manufactured by Xiamen Changelight Co., Ltd. A schematic illustration of the experiment setup is shown in Figure 1a . The sample was mounted on the cold head of optical helium closed-cycle cryostat where the temperature can be tuned from 10 K to 300 K. A steady-state 405-nm laser diode whose output power can range from 0 mW to 250 mW was chosen as the excitation source and the laser was focused by a lens with a focal length of 30 cm. A sharp knife was mounted on a motorized linear translation stage placed at the focal point of the lens. The position of the knife was changed continuously to cut the laser with its edge and the change of the power was monitored with a power meter, which is shown in the inset of Figure 1b . Considering the transverse distribution of the laser is gaussian, the derivative of the results obtained by the power meter could be calculated and fitted that with gaussian function to acquire the spot radii. The spot radii on the sample were about 0.05585 mm, 0.05602 mm, and 0.05554 mm at excitation power of 250 mW, 150 mW, and 50 mW, respectively determined by this knife-edge method [18] which did not change much when changing the output power. The photoluminescence (PL) signals were collected and reflected to the entrance of a HORIBA Jobin Yvon Triax 550 monochromator with lens #2, mirror and lens #3 shown in Figure 1a . The incident PL signals were dispersed with a grating for spectral resolution and the intensities of different wavelengths were detected by a GaAs photomultiplier tube (PMT) which was connected to a computer to collect data.
(a) (b) Figure 1 . (a) A schematic of the experimental apparatus in which the power meter shown with dashed line is used to improve the accuracy of the experiment mentioned in the section of discussion; (b) The gaussian fit result of derivative of measured data at excitation power of 250 mW as described in the inset to determine the spot radius on the sample using the knife-edge method.
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The spectra at different temperature and excitation power are shown in Figure 2 , in which central wavelengths (CWs) at LT are designated with blue lines. Shifting of CWs and broadening of spectra The gaussian fit result of derivative of measured data at excitation power of 250 mW as described in the inset to determine the spot radius on the sample using the knife-edge method.
Results
Photoluminescence Behavior
The spectra at different temperature and excitation power are shown in Figure 2 , in which central wavelengths (CWs) at LT are designated with blue lines. Shifting of CWs and broadening of spectra with increasing temperature and excitation power can be observed. To investigate these changes, CWs and featured spectra are extracted, which are shown in Figure 3 .
accounts for "S-shaped" shift and relaxation down into lower energy tail states of carriers at lower temperature range results in red shift in the initial stage [19, 20] . When the excitation power is higher, more carriers are generated and states at lower energy tail are more likely to be occupied when relaxing from higher energy level in about 100 fs, which means the red shift process cannot be observed at higher excitation power. This can be further proved by comparing the spectrum widths, which are shown in Figure 3b , of which spectra are normalized and shifted to a same CW. At lower temperature, spectra remain unchanged at higher energy side and broaden at lower energy side with increasing excitation power, which indicates that more lower energy states are occupied at higher excitation power. When the temperature is higher, the spectra broaden for many reasons, such as shorter carrier lifetime induced by increasing nonradiative recombination and the fact that discrepancy of spectrum widths cannot be observed. In addition to this, CWs shift to shorter wavelengths with increasing excitation power over the entire temperature range, which is originated from band filling effect. 
Determination of IQE Values
In TDPL experiment, IQE values at different temperature can be expressed as In Figure 3a , "S-shaped" shift of CW can be observed at excitation power of 50 mW, but the red shift process disappears when increasing excitation power. It is well established that localization accounts for "S-shaped" shift and relaxation down into lower energy tail states of carriers at lower temperature range results in red shift in the initial stage [19, 20] . When the excitation power is higher, more carriers are generated and states at lower energy tail are more likely to be occupied when relaxing from higher energy level in about 100 fs, which means the red shift process cannot be observed at higher excitation power. This can be further proved by comparing the spectrum widths, which are shown in Figure 3b , of which spectra are normalized and shifted to a same CW. At lower temperature, spectra remain unchanged at higher energy side and broaden at lower energy side with increasing excitation power, which indicates that more lower energy states are occupied at higher excitation power. When the temperature is higher, the spectra broaden for many reasons, such as shorter carrier lifetime induced by increasing nonradiative recombination and the fact that discrepancy of spectrum widths cannot be observed. In addition to this, CWs shift to shorter wavelengths with increasing excitation power over the entire temperature range, which is originated from band filling effect. 
In TDPL experiment, IQE values at different temperature can be expressed as In Figure 3a , "S-shaped" shift of CW can be observed at excitation power of 50 mW, but the red shift process disappears when increasing excitation power. It is well established that localization accounts for "S-shaped" shift and relaxation down into lower energy tail states of carriers at lower temperature range results in red shift in the initial stage [19, 20] . When the excitation power is higher, more carriers are generated and states at lower energy tail are more likely to be occupied when relaxing from higher energy level in about 100 fs, which means the red shift process cannot be observed at higher excitation power. This can be further proved by comparing the spectrum widths, which are shown in Figure 3b , of which spectra are normalized and shifted to a same CW. At lower temperature, spectra remain unchanged at higher energy side and broaden at lower energy side with increasing excitation power, which indicates that more lower energy states are occupied at higher excitation power. When the temperature is higher, the spectra broaden for many reasons, such as shorter carrier lifetime induced by increasing nonradiative recombination and the fact that discrepancy of spectrum
widths cannot be observed. In addition to this, CWs shift to shorter wavelengths with increasing excitation power over the entire temperature range, which is originated from band filling effect.
In TDPL experiment, IQE values at different temperature can be expressed as IQE TDPL (T, P) = I(T, P) I(LT, P)
where I(T, P) denotes integrated intensity at the temperature T and excitation power P and I(LT, P) denotes integrated intensity at the lowest temperature, e.g., LT equals 10 K in this study. This expression reflects the proportions of IQE values at different temperatures correctly, which are relative values. However, this is based on the fact that there is no nonradiative recombination at LT, which is not always reasonable and needs further verification. To correct this latent mistake, PDPL experiment can be performed to calculate the IQE value at LT and modify the TDPL results. According to Dai et al. [21] , the relationship between carrier generation rate G and excitation power P can be expressed as
where R denotes the reflection ratio, α denotes the absorption coefficient, A spot denotes the area of the laser spot, and hν denotes photon energy. It is generally accepted that the non-equilibrium carriers generated are likely to recombine through three channels, that is, nonradiative recombination, bimolecular radiative recombination, and Auger nonradiative recombination. So, the rate equation can be expressed as
where A, B, and C are nonradiative recombination coefficient, bimolecular radiative recombination coefficient, and Auger nonradiative recombination coefficient, respectively, which is called the ABC model [22] . Whether Auger recombination can be neglected or not depends on carrier density, which equals the product of carrier generation rate and carrier lifetime. Here we should take Auger recombination into consideration, which can be proved by fitting the P − I curves with the contribution of Auger recombination. Assume that integrated intensity I is proportional to carriers involved in radiative recombination, namely I = βBn 2 where β is a scale factor related to light extraction efficiency. Thus, the relationship between P and I can be expressed as
Polynomial curve fit is used to extract fitting coefficients Q 1 , Q 2 , and Q 3 , which is shown in Figure 4 . Rearrange this equation with these fitting coefficients and we can express P as a function of √ mBn. Solve this cubic equation using numerical approach and IQE can be derived as Figure 5a shows the IQE values stemming from TDPL experiment and IQE values decrease monotonically with increasing temperature, which reflects the proportion of nonradiative recombination increases as the temperature rises. The IQE values calculated decrease slightly with increasing excitation power, which means nonradiative recombination centers (NRCs) are saturated even at relatively low excitation power and Auger recombination starts to dominate. 
which should be close to IQE values at RT measured by PDPL experiment IQE (RT, ) to make sure PDPL results are trustworthy. For instance, IQE (LT, 250 mW) equals 92.68% and the proportion of IQE values at LT and RT we acquired by TDPL experiment IQE (RT, 250 mW) equals 39.26%. So, the more accurate IQE value at RT can be calculated as IQE (RT, 250 mW) = 92.68% × 39.26% = 36.39%. The modified results, which are in line with PDPL results at RT, are shown in Figure 6 . It is reasonable to believe that the IQE values obtained are relatively more accurate. 
which should be close to IQE values at RT measured by PDPL experiment IQE (RT, ) to make sure PDPL results are trustworthy. For instance, IQE (LT, 250 mW) equals 92.68% and the proportion of IQE values at LT and RT we acquired by TDPL experiment IQE (RT, 250 mW) equals 39.26%. So, the more accurate IQE value at RT can be calculated as IQE (RT, 250 mW) = 92.68% × 39.26% = 36.39%. The modified results, which are in line with PDPL results at RT, are shown in Figure 6 . It is reasonable to believe that the IQE values obtained are relatively more accurate. Figure 5b shows the IQE values stemming from PDPL experiment at LT and room temperature (RT) and IQE values at LT are not 100%. Assuming that IQE values at LT measured by PDPL experiment IQE PDPL (LT, P) are reasonable, we can calculate the absolute IQE values at RT as
which should be close to IQE values at RT measured by PDPL experiment IQE PDPL (RT, P) to make sure PDPL results are trustworthy. For instance, IQE PDPL (LT, 250 mW) equals 92.68% and the proportion of IQE values at LT and RT we acquired by TDPL experiment IQE TDPL (RT, 250 mW) equals 39.26%. So, the more accurate IQE value at RT can be calculated as IQE a (RT, 250 mW) = 92.68% × 39.26% = 36.39%. The modified results, which are in line with PDPL results at RT, are shown in Figure 6 . It is reasonable to believe that the IQE values obtained are relatively more accurate.
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Discussion
The origins of deviation and the applicable conditions of this method should be discussed. In (shown in Figure 7) . As a result, it is better to use = (1 − ) as the variable, which we can measure when we change the output power of laser (see Figure 1a) . Furthermore, the explanation of PDPL results is based on the ABC model which aims at the radiative recombination process of free electron-hole pairs, namely bimolecular recombination. It is well known that exciton recombination plays an important role in GaN-based materials, of which rate equation is different from bimolecular recombination. Therefore, when utilizing PDPL method with GaN-based blue LEDs, care should be taken with its applicable conditions. However, for green LEDs whose indium components are higher than blue LEDs, the piezoelectric polarization induced by lattice mismatch is stronger, which leads to the enhancement of quantum confined Stark effect (QCSE) [23, 24] . In consequence, electrons in conduction band and holes in valence band are separated more seriously, which means it is harder to form excitons and carriers are prone to bimolecular recombination. So, this method is generally feasible with GaN-based green LEDs.
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In conclusion, the optical properties of GaN-based green LED are investigated and an easy-toimplement approach to acquire more accurate IQE values is put forward. This method is based on 
Discussion
The origins of deviation and the applicable conditions of this method should be discussed. In Equation (2), the coefficient
A spot hν , is regarded as a constant at different excitation power, to which we should pay particular attention. In fact, different excitation power corresponds to different absorption coefficient resulting from band filling effect, bandgap renormalization effect, and other nonlinear interactions. The change of absorption coefficient will affect refractive index n due to Kramers-Kronig relations, which influences reflection ratio R ∼ (n−1)
2 (shown in Figure 7) . As a result, it is better to use P i = (1 − R)αP as the variable, which we can measure when we change the output power of laser (see Figure 1a) . 
Conclusions
In conclusion, the optical properties of GaN-based green LED are investigated and an easy-toimplement approach to acquire more accurate IQE values is put forward. This method is based on Figure 7 . The reflected power and reflection ratio at different incident excitation power of another green light emitting diodes (LED) sample pumped with the same laser which demonstrates the dependence of excitation power and reflection ratio.
Furthermore, the explanation of PDPL results is based on the ABC model which aims at the radiative recombination process of free electron-hole pairs, namely bimolecular recombination. It is well known that exciton recombination plays an important role in GaN-based materials, of which rate equation is different from bimolecular recombination. Therefore, when utilizing PDPL method with GaN-based blue LEDs, care should be taken with its applicable conditions. However, for green LEDs whose indium components are higher than blue LEDs, the piezoelectric polarization induced by lattice mismatch is stronger, which leads to the enhancement of quantum confined Stark effect (QCSE) [23, 24] . In consequence, electrons in conduction band and holes in valence band are separated more seriously, which means it is harder to form excitons and carriers are prone to bimolecular recombination. So, this method is generally feasible with GaN-based green LEDs.
In conclusion, the optical properties of GaN-based green LED are investigated and an easy-to-implement approach to acquire more accurate IQE values is put forward. This method is based on the combination of the TDPL method, which reflects the proportions of IQE values at different temperature correctly, and PDPL method, which can provide absolute IQE values at LT and RT. If the rectified results of TDPL experiment agree with PDPL results, this method is self-consistent and the IQE values acquired are reasonable.
Finally, the influence of changing reflection ratio at different excitation power is discussed, which is a probable improvement of PDPL experiment. The applicability of this method when dealing with GaN-based green LEDs is demonstrated, since QCSE is stronger in these devices, which prevents excitons from forming.
